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Abstract: A simple and solution-phase method for functionalization of selenium nanoparticles 
(SeNPs) with Spirulina polysaccharides (SPS) has been developed in the present study. The 
cellular uptake and anticancer activity of SPS-SeNPs were also evaluated. Monodisperse and 
homogeneous spherical SPS-SeNPs with diameters ranging from 20 nm to 50 nm were achieved 
under optimized conditions, which were stable in the solution phase for at least 3 months. SPS 
surface decoration significantly enhanced the cellular uptake and cytotoxicity of SeNPs toward 
several human cancer cell lines. A375 human melanoma cells were found extremely susceptible 
to SPS-SeNPs with half maximal (50%) inhibitory concentration value of 7.94 µM.   Investigation 
of the underlying mechanisms revealed that SPS-SeNPs inhibited cancer cell growth through 
induction of apoptosis, as evidenced by an increase in sub-G1 cell population, deoxyribonucleic 
acid fragmentation, chromatin condensation, and phosphatidylserine   translocation. Results 
  suggest that the strategy to use SPS as a surface decorator could be an effective way to enhance 
the cellular uptake and anticancer efficacy of nanomaterials. SPS-SeNPs may be a potential 
candidate for further evaluation as a chemopreventive and chemotherapeutic agent against 
human cancers.
Keywords: selenium nanoparticles, Spirulina polysaccharide, cellular uptake, anticancer, 
apoptosis
Introduction
A confluence of different types of evidence indicates that the essential nutrient selenium 
(Se) can affect cancer risk and is a cancer chemopreventive agent.1,2 Therefore, cancer 
chemopreventive and chemotherapeutic effects of Se-containing compounds have been 
widely studied and have achieved strong support by a majority of epidemiological, 
preclinical, and clinical studies.3 It has been confirmed that the bioavailability and side 
effects of Se are closely related to its chemical species.4 Recently, Se nanoparticles 
(SeNPs) are receiving additional attention due to their excellent biological activities 
and low toxicity.5,6
Cancer nanotechnology – a crossdisciplinary scientific field merging chemistry, 
  biology, bioengineering, and medicine – provides unique approaches and a compre-
hensive technology against cancer via molecular imaging, molecular diagnosis, and 
targeted   therapy.7 The basic premise is that nanometer-sized particles have unique optical, 
  magnetic, chemical, and structural properties that are not attainable from either   individual 
molecules or bulk solids.8 The advancement in multifunctional bionanomaterials makes 
it possible to diagnose and treat diseases that have traditionally been recognized as incur-
able via basic therapies or surgical methods, such as malignant cancers.9
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Polysaccharides, a class of biopolymers naturally-
originated from plants or animals, have been widely studied 
in biotechnological and biomedical applications.10,11 There 
are three main reasons for the wide application of polysac-
charides as functionalizing agents in cancer nanotechnology. 
Firstly, naturally-originated polysaccharides exhibit 
unique properties including excellent biocompatibility, 
biodegradability, stability, and nontoxicity, which are the 
basic characteristics for polymers used as biomaterials.12 
Secondly, a number of applications of cancer nanotechnol-
ogy are based upon the interaction of nanomaterials with 
the cell and its lipid bilayers. This interaction is mainly 
controlled by surface properties of the nanoparticles.13 The 
control of the interaction is usually established by means of 
functionalization of the particles via hybridization of bio-
logical molecules and modification of surface properties.14 
In many cases, the surface of nanoparticles has to be highly 
hydrophilic and able to prevent protein adsorption.7 With 
hydrophilic groups such as hydroxyl, carboxyl, and amino 
groups, most natural polysaccharides can attach to biologi-
cal tissues (mainly epithelia and mucous membranes) via 
noncovalent bonds. Thirdly, nanoparticles functionalized 
with bioadhesive polysaccharides could prolong residence 
time and therefore increase absorption of the loaded drugs.15 
Although nanoparticles tend to accumulate in cancer cells 
through passive targeting process, this passive strategy has 
limitations due to its nonspecific delivery mode. However, 
when nanoparticles are functionalized with polysaccharides, 
polysaccharide moieties can interact specifically with the 
biological targets, eg, lectins that have been found in the 
surface of tumor cells and malignant tissues.16 Therefore, 
surface decoration of nanomaterials by polysaccharides could 
enhance cell-permeating and cancer-targeting abilities.7
In a previous study, SeNPs were decorated with a 
  monosaccharide sialic acid and the as-prepared nanopar-
ticles showed distinguished cell internalization and selec-
tivity between cancer and normal cells. But the drawback 
in stability could limit its further applications.17 Spirulina 
polysaccharide (SPS) from food-grade blue-green microalga 
Spirulina platensis is believed to have many biological 
  functions, such as deoxyribonucleic acid (DNA) repairing 
effect, immunostimulatory effect, free radical scavenging 
activity, and antiviral effect.18,19 Therefore, SPS could be 
used as a surface decorator of nanomaterials to prevent 
plasma protein adsorption, maximize circulation time, and to 
enhance their cell-penetrating abilities. In the present study, 
SeNPs   functionalized by SPS (SPS-SeNPs) were prepared 
in an attempt to improve the cancer-targeting, stability, and 
cellular uptake of SeNPs. The effect of SPS on the antican-
cer activity of SeNPs against human cancer cells was also 
evaluated. The change in cell cycle distribution in response to 
SPS-SeNPs treatments was also examined by flow cytometric 
analysis to elucidate the underlying mechanisms. Results 
showed that SPS surface decoration significantly enhanced 
the   cell-penetrating and apoptosis-inducing abilities of SeNPs 
in A375 human melanoma cells. Taken together, the results 
suggest that the strategy to use SPS as a surface decorator 
could be an effective way to enhance the cellular uptake and 
anticancer efficacy of nanomaterials. SPS-SeNPs may be a 
potential candidate for further evaluation as a chemopreven-
tive and chemotherapeutic agent against human cancers.
Methods
Preparation of SPS
S. platensis was obtained from Research Center of 
  Hydrobiology of Jinan University (Jinan, China) and cultured 
in Zarrouk medium in the authors’ laboratory.20 The SPS was 
prepared as described previously,21 with some modifications. 
Briefly, powdered S. platensis was extracted with hot water 
at 80°C for 4 hours. After concentration and deproteina-
tion with Sevag method, the resulting aqueous fraction was 
dialyzed and precipitated by ethanol. The   precipitate was 
washed with acetone and freeze-dried to yield brown pow-
der, which was then dissolved in water and further purified 
using   diethylaminoethyl-cellulose 52 ion-exchange chro-
matography, with water as eluent. The partitions containing 
polysaccharide detected using phenol-sulfuric acid agent 
were combined, dialyzed, and precipitated with ethanol 
again. The precipitate was freeze-dried for the second time 
to yield a white powder, which was SPS with a purity of 98% 
determined by using the phenol-sulfuric acid method.22
Preparation and characterization  
of SPS-SeNPs
Different volumes (0–1 mL) of SPS stock solution 
(1000 mg/L) were mixed with 5 mL sodium selenite solu-
tion (2 mM) and added to 6 mL Milli-Q™ water (Millipore 
Corporation, Billerica, MA). Then, 4 mL fresh ascorbic acid 
solution (10 mM) was slowly added into the mixtures under 
magnetic stirring. After reaction for 24 hours, the solutions 
were dialyzed against Milli-Q water at 4°C with water chang-
ing every 24 hours until no Se was detected in the outer solu-
tions, as determined by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) analysis.20 The prepared 
products were characterized with various spectroscopic and 
microscopic methods.
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Samples for transmission electron microscopy (TEM) 
were prepared by dispersing the samples onto a holey carbon 
film on copper grids. The micrographs were obtained on an 
H-7650 TEM (Hitachi High Technologies, Tokyo, Japan) 
operated at an accelerating voltage at 80 kV . X-ray diffrac-
tion patterns were obtained on an MSAL-XD2 using copper 
Kα, nickel-filter plate radiation at a scan rate of 2°/minute. 
The Raman spectrum was produced at room temperature on 
an inVia Raman microscope (Renishaw, Gloucestershire, 
United Kingdom) equipped with an argon-ion laser at an 
excitation wavelength of 514.5 nm. Scanning electron 
microscopy and energy dispersive X-ray analysis was carried 
out on an EX-250 system (HORIBA Ltd, Kyoto, Japan) and 
employed to examine the elemental composition of SPS-
SeNPs. For Fourier transform infrared spectroscopy (FTIR) 
measurements, the prepared SPS-SeNPs were washed three 
times using Milli-Q water by centrifugation at 8000 rpm 
for 20 minutes to remove any free SPS, then the recovered 
nanoparticles were freeze-dried. Samples for FTIR were 
conducted by using potassium bromide pellet method and 
detected by EQUINOX 55 FTIR spectrometer (Bruker Optik 
GmbH, Ettlingen, Germany). The size distribution of SPS-
SeNPs was determined using photon correlation spectroscopy 
with a Zetasizer® Nano ZS instrument (Malvern Instruments 
Ltd, Malvern, United Kingdom). The results were analyzed 
by using a built-in software provided by Malvern Instruments. 
Measurements were carried out in triplicate at a 90° angle at 
25°C under suitable dilution conditions. The size distribution 
of SPS-SeNPs prepared under 50 mg/L SPS was determined 
at different time intervals.
Cell culture and cell viability assay
Several human cancer cell lines, including A375 melanoma 
cells, human cervical carcinoma HeLa-229 cells, MCF-7 
breast adenocarcinoma cells, osteosarcoma MG-63, and 
human normal kidney HK-2 cells were all purchased from 
American Type Culture Collection (Manassas, VA). All 
cells were maintained in Dulbecco’s modified Eagle medium 
supplemented with fetal bovine serum (10%), penicillin, and 
streptomycin at 37°C in a humidified incubator with 5% 
carbon dioxide atmosphere.
Cell viability was determined by measuring the ability 
of cells to transform thiazolyl blue tetrazolium bromide 
  (methylthiazol tetrazolium) to a purple formazan dye as 
described.17 Cells were seeded in 96-well tissue culture 
plates at 2.5 × 103 cells/well for 24 hours. The cells were 
then incubated with SPS-SeNPs at different concentrations 
for different periods of time. After incubation, 20 µL/well of 
methylthiazol tetrazolium solution (5 mg/mL phosphate buff-
ered saline [PBS]) was added and incubated for an   additional 
5 hours. The medium was aspirated and replaced with 
150 µL/well dimethyl sulfoxide to dissolve the salt formed 
formazan. The color intensity of the formazan solution, which 
reflects the cell growth condition, was measured at 570 nm 
using a microplate spectrophotometer (SpectraMax® 250; 
Molecular Devices Inc, Sunnyvale, CA).
Determination of Se intracellular uptake
A375 cells were harvested by centrifugation after incuba-
tion at different concentrations of SPS-SeNPs for 72 hours, 
and then washed with PBS buffer three times to remove 
any extracellular Se. The intracellular Se concentration was 
determined by ICP-AES method, as previously described.20 
Briefly, collected cells were digested with 3 mL concentrated 
nitric acid and 1 mL hydrogen peroxide in an infrared rapid 
digestion system (Gerhardt, Herlev, Denmark) at 180°C for 
1.5 hours. The digested solution was reconstituted to 10 mL 
with Milli-Q water prior to ICP-AES analysis.
Flow cytometric analysis
Cell cycle distribution was analyzed by flow cytometry, as 
previously described.23 After treatment with SPS-SeNPs 
for 24 hours, the cells were trypsinized, washed with PBS 
buffer (pH 7.4), and fixed with 70% ethanol overnight 
at −20°C. The fixed cells were washed with the same buf-
fer and stained with propidium iodide working solution 
(1.21 mg/mL   tris-hydroxymethyl aminomethane, 700 U/mL 
ribonuclease, 50.1 µg/mL propidium iodide; pH 8.0) for 
4 hours in darkness. The stained cells were analyzed on 
a flow cytometer (Beckman Coulter Inc, Brea, CA). Cell 
cycle distribution was examined using MultiCycle software 
(Phoenix Flow Systems, San Diego, CA). The proportion 
of cells in G0/G1, S, and G2/M phases was represented as 
DNA histograms.   Apoptotic cells with hypodiploid DNA 
content were measured by quantifying the sub-G1 peak in 
the cell cycle pattern. For each experiment, 10,000 events 
per sample were recorded.
Annexin-V-FLUOS and 4′,6-diamidino-2-
phenylindole (DAPI) staining assay
Translocation of phosphatidylserine in plasma membrane of 
cells treated with SPS-SeNPs was determined using Annexin-
V-FLUOS staining assay (Roche Applied Science, Penzberg, 
Germany). The cells were seeded in eight-chamber poly-
styrene vessel (Becton Dickinson and Company,   Franklin 
Lakes, NJ) and incubated for 24 hours. After addition of 
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SPS-SeNPs to the culture medium, incubation continued 
for an additional 24 hours. Cells were then stained with 
Annexin-V-FLUOS labeling solution (Annexin-V-fluorescein 
in 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid buffer 
containing propidium iodide) for 15 minutes. The slides were 
directly analyzed by confocal microscopy (Radiance 2100MP 
scanning system equipped with 488 nm argon laser;   Bio-Rad 
Laboratories, Hercules, CA) and fluorescence images were 
captured using LaserShape 2000 software. Excitation wave-
length was set at 488 nm, while emission wavelengths were 
set at 515 nm and 617 nm for Annexin-V-fluorescein and 
propidium iodide, respectively. For DAPI staining assay, 
cells cultured in chamber slides were fixed with 3.7% form-
aldehyde for 10 minutes and permeabilized with 0.1% Triton 
X-100 in PBS. And then, the nuclei were stained with DAPI 
for 15 minutes at 37°C. After washing with PBS, the cells 
were observed under fluorescence microscope (Eclipse 80i; 
Nikon Corporation, Tokyo, Japan).
Statistical analysis
Data were expressed as mean ± standard deviation from at least 
three independent experiments. Difference between two groups 
was analyzed by two-tailed Student’s t-test and the significance 
among three or more groups was analyzed by one-way analysis 
of variance multiple comparisons. In all analyses, a value of 
P , 0.05 was considered statistically significant.
Results and discussion
Preparation and characterization  
of SPS-SeNPs
In the present study, SPS-SeNPs were prepared in a simple, 
safe, and solution-phase redox system, in which sodium sel-
enite was firstly well distributed in SPS aqueous solution. Then 
the reductant ascorbic acid solution was added to initiate the 
reaction with sodium selenite. The mixture turned red gradu-
ally, indicating that the elemental SeNPs had been prepared. 
Because the size of the nanoparticles is an essential issue for 
its medical application and the concentrations of the capping 
agents play an important role in the controlling of the size 
of nanoparticles,24 the effects of SPS concentrations on the 
morphology and size distribution of SeNPs were investigated. 
Figure 1 shows the TEM images of the samples prepared under 
different SPS concentrations at the reaction time of 24 hours. 
It can be observed that the morphology of the products was 
affected significantly by SPS concentrations. In the absence of 
SPS, the prepared SeNPs aggregated easily and their size was 
not uniform, ranging from 90 nm to 550 nm (Figure 1A). With 
the increase in SPS concentrations from 1 mg/L to 10 mg/L 
(Figure 1B–D), uniformity of prepared SPS-SeNPs gradually 
improved and the average diameter of SPS-SeNPs decreased. 
When SPS concentration reached 50 mg/L, SPS-SeNPs pre-
sented a homogeneous spherical structure with a diameter of 
about 20–50 nm (Figure 1E). A further increase in SPS con-
centration to 100 mg/L did not affect the diameter, but resulted 
in the reduction in yield of production of SeNPs (Figure 1F). 
Therefore, SPS-SeNPs prepared under 50 mg/L of SPS were 
used for the following experiments.
X-ray diffraction analysis was performed to examine the 
phase of the prepared SPS-SeNPs. Figure 2A shows a typical 
X-ray diffraction pattern of SPS-SeNPs, which clearly reveals 
that the polymorph of the obtained SeNPs is amorphous Se.25 
Figure 2B demonstrates the Raman spectrum of SPS-SeNPs. 
The resonance peak at 253 cm−1 was a characteristic absorp-
tion band for monoclinic Se and amorphous Se.26 Furthermore, 
scanning electron microscopy and energy dispersive X-ray 
was employed to analyze the elemental chemical composition 
of SPS-SeNPs (Figure 2C). Three signals could be observed 
from the energy dispersive X-ray diagram: a strong signal 
from the Se atom (86.30%) together with the SPS signals of 
O atom (3.25%) and C atom (10.45%). There were no obvious 
peaks for other elements or impurities.
FTIR analysis was also used to characterize the interaction 
between SeNPs and SPS in the as-prepared nanomaterials. 
Figure 3A and B corresponded to the spectra of SPS and 
SPS-SeNPs, respectively. The characteristic stretching 
Figure  1  Transmission  electron  microscopic  images  of  selenium  nanoparticles 
obtained  at  different  Spirulina  polysaccharide  concentrations  at  the  reaction 
time of 24 hours: (A) 0 mg/L; (B) 1 mg/L; (C) 5 mg/L; (D) 10 mg/L; (E) 50 mg/L;   
(F) 100 mg/L. 
Note: Scale bar 500 nm.
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Figure 2 (A) X-ray diffraction pattern, (B) Raman spectrum, and (C) scanning electron microscopy and energy dispersive X-ray analysis of selenium nanoparticles 
functionalized by Spirulina polysaccharide. 
Abbreviations: au, absorbance units; C, carbon; O, oxygen; Se, selenium.
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Figure 3 Fourier transform infrared spectra of (A) Spirulina polysaccharide and   
(B) selenium nanoparticles functionalized by Spirulina polysaccharide.
Abbreviation: au, absorbance units.
vibrations of the hydroxyl group (–OH) were observed in 
the two spectra, but the absorption bands of –OH at 3446 nm 
in Figure 3B shifted slightly to 3438 nm (Figure 3A). These 
results suggest that some weak interaction existed between 
SeNPs and SPS. The weakening of absorption intensity 
of –OH in Figure 3B was also observed as compared with that 
in Figure 3A, indicating that free –OH decreased when SPS 
was linked with Se.26 The appearance of absorption bands in 
Figure 3B at 2934 nm, 1112 nm, and 844 nm, which were 
assigned to stretching vibration of aliphatic C–H, C–O–H, 
and α-D-glucose in polysaccharide, respectively, further 
confirmed the conjunction of SPS with SeNPs.27
The stability of nanoparticles was another important 
issue for its future medical applications.28 Figure 4A showed 
  average size of SPS-SeNPs obtained at different SPS 
  concentrations. The average particle size at reaction time of 
24 hours was 535, 157, 99.1, 88.4, 48.6, and 45.7 nm when 
SPS concentrations were 0, 1, 5, 10, 50, and 100 mg/L, 
respectively. These results indicate that the optimum SPS 
concentration for preparation of homogeneous spherical 
SPS-SeNPs was 50 mg/L, which was in accordance with 
the results of TEM observation. The stability of SPS-SeNPs 
prepared at 50 mg/L SPS concentration (Figure 4B) was fur-
ther investigated, and the results show that SPS-SeNPs could 
remain stable in the solution phase for at least 3 months.
Based on the above results, it was concluded that high-
purity and stable SPS-SeNPs were obtained, and a function-
alization mechanism was proposed as illustrated in Figure 5. 
To prepare the product SPS-SeNPs, SPS, sodium selenite, 
and ascorbic acid were added sequentially and the following 
reaction would occur. Firstly, selenite would form hydrous 
ions in water, and the –OH from water on the surface of the 
hydrous ions could form hydrogen bonds with the –OH from 
SPS, resulting in the distribution of selenite along the flexible 
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long chain of polymeric SPS molecules.29 Secondly, selenite 
could be reduced by ascorbic acid to elemental Se. Thirdly, 
with the amount of elemental Se increasing, Se would agglom-
erate with each other to form an Se nucleus. Lastly, the Se 
nucleus would grow into SeNPs by absorbing more Se on its 
surface so as to reduce the free energy according to the well-
known Gibbs–Thomson law.30 Because of the detection of 
C and O signals in scanning electron microscopy and energy 
dispersive X-ray analysis (Figure 2C) and similarity of FTIR 
spectra between SPS and SPS-SeNPs (Figure 3), it was pro-
posed that the functionalization of SeNPs with SPS might be 
a simple physical adsorption due to the large specific surface 
area of SeNPs. The electronic attraction might also take partial 
effect in the functionalization process in that the elemental 
Se contained empty 4p orbital and the oxygen of –OH in SPS 
had unpaired electrons. Like other   polysaccharides, the char-
acteristics of emulsification and suspension of SPS facilitated 
the stability of SPS-SeNPs in solution.27,31
Cellular uptake of SPS-SeNPs by A375 
human melanoma cells
Like other chemotherapeutics, the effective cytotoxicity of 
nanomaterial-based therapies usually requires a fairly high 
level of accumulation within the cancer cells.32 Although 
nanomaterials tend to accumulate in cancer cells through a 
passive targeting process and often serve as “nanocarriers” 
for chemotherapeutics, this passive strategy has limitations 
due to its random delivery mode.7 Studies have shown that 
enhancement of tumor accumulation of nanoparticles can be 
achieved by increasing the cellular uptake of functionalized 
nanoparticles.17 In recent years many efforts have been made 
to develop tumor-targeting nanomaterials in an attempt to 
enhance cellular uptake via functionalization of nanoparticles. 
The beneficial effects of polysaccharide functionalization on 
tumor-targeting have been reported previously.33 In this work, 
a technique was proposed to overcome the passive transport 
drawbacks of nanomaterials by functionalized SeNPs with 
a biological molecule SPS to enhance the cancer-targeting 
and cell-penetrating abilities. To examine the cellular uptake 
of SPS-SeNPs, ICP-AES method was used to determine the 
Se concentrations in A375 cells after a 72-hour exposure 
(Figure 6). It was found that treatment with SPS-SeNPs 
significantly increased intracellular Se concentrations from 
6.16 µg/109 (control) to 298.63 µg/109 cells (treated with 
20 µM SPS-SeNPs), which was 8.98 times higher than the 
group of SeNPs without SPS decoration (33.24 µg/109 cells). 
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Figure 5 Functionalization of selenium nanoparticles with Spirulina polysaccharide.
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2−, selenite; SeNPs, selenium nanoparticles; SPS, Spirulina polysaccharide.
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In vitro anticancer activity of SPS-SeNPs
During applications of cancer nanotechnology, active target-
ing of nanomaterials is usually achieved by conjugation of a 
targeting component to the surface that provides preferential 
accumulation of nanomaterials in the tumor-bearing organ, 
in the tumor itself, individual cancer cells, or intracellular 
organelles inside cancer cells. This approach is based on 
specific interactions, such as lectin–carbohydrate, ligand–
receptor, and antibody–antigen. Lectin–carbohydrate is one 
of the classic examples of targeted drug delivery. In the past 
decade, many studies have demonstrated that the surface of 
tumor cells and malignant tissues contain lectins.16 Therefore, 
carbohydrate moieties can be used to target drug delivery 
systems to lectins that exist in the cancer cell surface.
In the present study, SPS was chosen as a carbohydrate 
  moiety to enhance the targeting effects and cell-penetrating 
activity of SeNPs. As shown in Figure 7, cellular uptake of 
SPS-SeNPs resulted in a dose-dependent growth inhibition 
as examined by methylthiazol tetrazolium assay. SPS-SeNPs 
exhibited a broad spectrum of inhibition against several cancer 
cell lines, including A375, MCF-7, HeLa-229, and MG-63 
(Figure 7A). In contrast, as a negative control, SeNPs without 
SPS functionalization demonstrated much lower cytotoxic 
effect on all of the above cancer cells, with half maximal (50%) 
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Figure  6  Cellular  uptake  of  selenium  nanoparticles  functionalized  by  Spirulina 
polysaccharide  by  A375  cells.  Cells  were  exposed  to  selenium  nanoparticles 
functionalized  by  Spirulina  polysaccharide  or  selenium  nanoparticles  at  different 
concentrations  for  72  hours.  Cells  without  treatment  were  used  as  control. 
Intracellular  selenium  concentrations  were  determined  with  inductively  coupled 
plasma atomic emission spectroscopy method.
Note: Each value represents mean ± standard deviation (n = 3).
Abbreviations: Se, selenium; SeNPs, selenium nanoparticles; SPS-SeNPs, selenium 
nanoparticles functionalized by Spirulina polysaccharide.
Moreover, the increase of SPS-SeNPs concentration from 
10 µM to 20 µM caused the corresponding enhancement 
of intracellular Se concentrations. The results indicate that 
the functionalization of SPS played an essential role in the 
uptake of SeNPs in cancer cells in vitro.
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Figure 7 (A) Half maximal inhibitory concentration value of various cancer and normal cell lines after incubation for 72 hours with selenium nanoparticles functionalized by 
Spirulina polysaccharide and (B) morphological changes in A375 cells observed by phase contrast microscopy (magnification 100×).
Notes: Each value represents mean ± standard deviation (n = 3). IC50 values were based on selenium concentration as determined by inductively coupled plasma atomic 
emission spectroscopy method.
Abbreviations: IC50, half maximal (50%) inhibitory concentration; SPS-SeNPs, selenium nanoparticles functionalized by Spirulina polysaccharide.
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inhibitory concentration against A375 cells at 243.9 µM. 
SPS-SeNPs exhibited the highest cytotoxicity against 
A375 melanoma cells with 50% inhibitory concentration 
value at 7.94 µM, but showed the lowest cytotoxicity toward 
human normal kidney HK-2 cells.   Therefore, the cellular 
morphological changes of A375 cells upon   exposure to SPS-
SeNPs for 72 hours were also monitored by phase contrast 
microscopy (Figure 7B). As illustrated in this figure, cells 
displayed dose-dependent reduction in cell   numbers, loss of 
intercellular contact, cell shrinkage, and formation of apoptotic 
bodies. In contrast, control cells not treated with SPS-SeNPs 
remained intact with regularity in shape. These results suggest 
that   SPS-SeNPs possess great selectivity between cancer and 
normal cells and display potential application in Se supplemen-
tation, cancer   chemoprevention, and chemotherapy, especially 
for human melanoma.
SPS-SeNPs induce apoptosis in A375 
human melanoma cells
Several mechanisms have been postulated to elucidate the anti-
cancer action of Se, including induction of apoptosis, effects 
on the cell cycle distribution, inhibition of   angiogenesis, pro-
tection against oxidative stress, detoxification of carcinogens, 
stimulation of the immune system, modulation of thioredoxin 
reductase activity, and maintenance of cell redox balance.34 
Among these potential mechanisms of Se action, cell apop-
tosis receives the most attention and has been postulated to 
be critical for cancer chemoprevention by   selenocompounds. 
Se could induce extrinsic or intrinsic apoptotic signaling in 
a number of cancer cell types via alteration of expression 
or activities of mitochondria-associated proteins, cell cycle 
regulatory proteins, proteases, signaling proteins, angiogenic 
factors, and transcription factors.35 The main reason for the 
proliferation inhibition on cancer cells caused by cancer 
suppressors is the induction of apoptosis or cell cycle arrest, 
or both of the two biochemical pathways simultaneously.36 
In order to understand whether apoptosis was involved in 
cell death induced by SPS-SeNPs, a quantitative in vitro 
apoptotic detection assay (flow cytometric analysis) was 
used. The representative DNA histograms (Figure 8A and B), 
obtained after propidium iodide staining of permeabilized 
A375 cells exposed to different concentrations of SPS-SeNPs 
for 24 hours, showed a significant dose-dependent increase 
in the sub-G1 cells population from 2.4% (control) to 65.9% 
(20 µM SPS-SeNPs). No significant changes were observed 
in the proportion of cells in G0/G1, S, and G2/M phases. These 
results indicate that cell death induced by SPS-SeNPs mainly 
resulted from cell apoptosis.
The characteristic biochemical hallmarks of   apoptosis are 
phosphatidylserine translocation and nuclear   condensation.37 
Therefore, Annexin-V-FLUOS labeling assay and DAPI 
staining assay were used to determine the changes of fluores-
cent intensity for the cells treated without (control) or with 
SPS-SeNPs (Figure 8C). It was observed that the control 
cells were Annexin-V-FLUOS-negative and the percent-
age of Annexin-V-FLUOS-positive cells increased with 
increasing concentrations of SPS-SeNPs (Figure 8C, upper 
panel), suggesting that the cells treated with   SPS-SeNPs 
underwent early apoptotic events. The bright clumps 
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Figure  8  Induction  of  apoptosis  by  selenium  nanoparticles  functionalized  by 
Spirulina polysaccharide. (A) Flow cytometric analysis of cell cycle distribution of 
A375 cells treated for 24 hours. (B) Quantitative analysis of selenium nanoparticles 
functionalized by Spirulina polysaccharide induced apoptotic cell death by measuring 
the sub-G1 cell population. Significant difference between selenium nanoparticles 
functionalized  by  Spirulina  polysaccharide  treatment  and  control  is  indicated  at 
P , 0.05 level. (C) Representative images of phosphatidylserine translocation (upper 
panel) and nuclear condensation (lower panel) in A375 cells exposed to selenium 
nanoparticles functionalized by Spirulina polysaccharide for 24 hours as examined 
by  Annexin-V-FLUOS  labeling  assay  (magnification  600×)  and  4′,6-diamidino-2-
phenylindole staining assay (magnification 600×), respectively.
Note: *P , 0.05.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; DNA, deoxyribonucleic acid; 
SPS-SeNPs, selenium nanoparticles functionalized by Spirulina polysaccharide.
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(pointed with arrows) of DAPI-positive chromatin in the 
cells treated with SPS-SeNPs also indicate the process of 
apoptosis   (Figure 8C, lower panel). All of the above results 
suggest that apoptosis was the main reason for the death of 
cells treated with SPS-SeNPs. The intracellular molecular 
mechanisms of cell apoptosis induced by SeNPs may involve 
a series of biological processes, such as oxidative stress, 
mitochondrial dysfunction, and activation of caspase 3,17,23 
which need further study.
Conclusion
In this study, a simple and solution-phase method for 
functionalization of SeNPs with SPS was demonstrated 
and their cellular uptake and anticancer activity evaluated. 
The monodisperse and highly stable SPS-SeNPs were pre-
pared under optimized conditions. SPS surface decoration 
  significantly enhanced the cellular uptake and anticancer 
efficacy of SeNPs. Induction of apoptosis was found as the 
major mode of cell death induced by SPS-SeNPs in cancer 
cells. The results suggest that the strategy to use SPS as a 
surface decorator could be an effective way to enhance the 
cellular uptake and anticancer efficacy of   nanomaterials. 
  SPS-SeNPs may be a potential candidate for further evalu-
ation as a chemopreventive and chemotherapeutic agent 
against human cancers.
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